A mathematical formula was derived from an active cross-bridge model to express the changes in the active myocardial force which occurred during systole. Using the formula and the assumption that the energy expenditure for cross-bridge cycling (Um) was a linear function of the force-time integral (FTI), we developed formulae describing the left ventricular Um versus FTI relation, the Um versus force relation, and the Um versus pressure-volume area (PVA) relation.
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METHODS
Myocardial force described by the active cross-bridge model:
In our left ventricular model, the ventricle is regarded as being composed of 1-cm high ringlike structures, each of which then approximates a cylinder (Fig.  1) . The myocardial force is approximated by the calculation of cylindrical circumferential forces. Equation 1 was assumed for the maximal myocardial force versus length relation in a cylindrical wall.2)
Equation 2 is the formula describing the basic cross-bridge activation mechanism according to our hypothesis.1) Loop shows physiological contraction from A. One cardiac cycle is represented by the trajectory ABCDA in the myocardial F-L plane. Lines (1) and (2) represent the end-systolic F-L relation under control contractility conditions and after inotropic stimulation, respectively. Loops demonstrate cardiac cycles in the shortening mode from various preloads with a fixed i value (i=0.6). The i value denotes Fp/Fmax(Led), i.e., i=(force at B)/(force at B') under control contractility or i=(force at B)/(force at B") after inotropic stimulation. The eA/f value indicates the ratio of the energy (eA) expended in the cycling of an active cross-bridge over 1sec to the force (f) developed by the active cross-bridge. Thus, the reciprocal of eA/f (f/eA, g• sec/J) would appear to denote the efficiency of the transduction of chemical energy (eA, J/sec) into mechanical force (f, g) at an active cross-bridge. Since chemo-mechanical transduction is considered to be performed by myosin ATPase, the eA/f value appears to reflect myosin ATPase activity.
From equations 4 and 5', Umpre and Umej in the auxotonic mode with a constant external load (Fp) were expressed as equations 6 and 7, respectively. The mathematical derivations are described in detail in Appendix A. During the isometric contraction phase, Umpre can be expressed by the following equation:
During the ejection phase, Umej can be expressed by: 
where (Fig.4A) .
2) The isometric contraction mode at different muscle lengths (i=0.99) (Fig.4B ).
3) The shortening contraction mode from a fixed end-diastolic muscle length (Led=12cm) (Fig.4C ).
4) The shortening contraction mode with a fixed PVA (PVA=735mmHg•Ecm3) (Fig.4D ).
As shown in Fig.5 mode from different Led values (Fig.5A ) and the isometric mode (Fig.5B ), but it became concave toward the Fp axis both in the shortening mode from a fixed Led value (Fig.5C ) and with a fixed PVA value (Fig.5D) . The Um-PVA relation was predicted to be concave towards the PVA axis both in the shortening mode with different Led values (Fig.6A ) and in the isometric mode (Fig.6B) ; it was clearly nonlinear for very small PVA values. In the shortening mode from a fixed Led, the Um-PVA relation was predicted to be convex towards the PVA axis (Fig.  6C) . However, the relation in the shortening mode with a fixed PVA changed dramatically (Fig.6D) .
Effect of interventions on the Um-FTI, Um-Fp, and Um-PVA relations: Experimental findings pertaining to the mechanical, biochemical, and energetic properties of cardiac contraction are summarized in Table II. Table II denote increases, decreases, or lack of change produced by catecholamine infusions, cardiac hypothermia, or hypothyroidism in experimental animals.
Question marks denote a lack of experimental data. For quantitative evaluation of the model, three types of interventions were assumed. These were 1) increases in the three basic parameters of the present model (Ec, Ka, and eA/f), 2) increases in Ec but decreases in Ka and eA/f, and 3) decreases in all three basic parameters.
Type 1, 2, and 3 interventions may correspond to those respectively produced by the infusion of catecholamines, hypo-Jpn. Heart J. J anuary 1991 Fig.5 . Effects of various contraction modes on the mechanical energy cost-external load (Um-Fp) relation. Panels correspond to those in Fig.4 . Numbers on the curves correspond to the cardiac cycles in Fig.4 . thermia, and hypothyroidism. In type 1 and 2 interventions, the rate of increase or decrease in the three basic parameters was assumed to be 50% of the initial values (Table II) . The shortening contraction mode from end-diastolic muscle lengths was used for analysis. Figure 2 illustrates the F-L loops of this mode for two different contractile states. Line (1) in Fig.2 represents the end-systolic F-L relation during the control contractile state, and line (2) represents the relation after inotropic stimulation (i.e., an increase in Ec). After inotropic stimulation, the value of i decreased from 0.6 to 0.4 when Fp was assumed to be unchanged. For type 3 interventions, the rate of reduction in the three basic parameters (Ec, Ka, and eA/f) were assumed to be 24, 30, and 44% of the initial values, respectively (Table II) . The rates for these parameters in hypothyroidism were obtained from actual experimental data from rat papillary muscle in the isometric mode.17) Accordingly, the isometric mode (i=0.99) was used for the analysis of the effects of hypothyroidism.
On the simulated addition of catecholamines, the slopes of the Um-Fp (+4%) and the Um-PVA (-3%) relations were both predicted to undergo only minor changes (Table II and Figs.7B and 7C), whereas the slope of the Um-FTI relation was predicted to be markedly increased (+50%) (Fig.7A) . The predicted results for the Um-Fp and Um-PVA relations in hypothermia were identical to those for catecholamine infusion (Table II) . However, the slope of the Um-FTI relation decreased markedly during simulated hypothermia (-50%) (Fig.7A) . In the isometric mode, simulated hypothyroidism was predicted to cause a 44% reduc- Effects of various contraction modes on the mechanical energy cost-pressure-volume area (Um-PVA) relation. Panels correspond to those in Fig.4 .
Numbers on the curves correspond to the cardiac cycles in Fig.4 .
tion in the slope of the Um-FTI relation, whereas it was predicted to cause a relatively small reduction in the Um-Fp, relation (-20%) and the Um-PVA relation (-30%) ( Table II) . The predictions of the present model concerning the effects of these three different types of intervention on the Um-FTI, Um-Fp, and Um-PVA relations were in agreement with the experimental data shown in Table II . Comparison of energy cost between shortening and isometric contractions generating an equivalent force:
The Um-Fp relations were estimated for working and isometric contractions that generated an equivalent force (Fig.8B) . Figure 8A shows the force-length trajectories for these two contraction modes. Over the entire range of force, Um was greater during the shortening contraction than during an isometric contraction generating an equivalent force (Fig.8B) .
DISCUSSION

Summary of the model predictions:
Eight principal findings are predicted by the model in the present study: First, the biochemical implications of parameters Ec, Ka, and eA/f seem to correspond to the maximal concentration of active cross-bridges, the binding rate of Ca2+ with the regulatory proteins in the activation of cross-bridges, and the enzymatic activity of chemo-mechanical transduction, respectively. Second, Um increases almost linearly with time in the shortening mode, whereas the increase is nonlinear in the isometric mode. Third, the Um-FTI relation is essentially linear, with eA/f being the proportionality constant of this relation; its slope is also independent of Ec, Ka, and the mode of contraction. Fourth, the Um-Fp relation is nearly linear and its linearity is relatively insensitive to the mode of contraction. Fifth, the Um-PVA relation is also approximately linear at large values of PVA, but is clearly concave towards the PVA axis for very small PVA values during conditions simulating both physiological and isometric contraction. Sixth, the slopes of the Um-Fp and Um-PVA relations are relatively insensitive to changes in Ec during physiological and isometric contraction, but are affected by alterations in eA/f and Ka. Seventh, the Um-FLA relation is identical to the Um-PVA relation, and finally, Um is greater during a shortening contraction than during an isometric contraction generating an equivalent force. Linearity of the heat-FTI, heat force, and VO2-PVA relations: A known fact of cardiac energetics is that the energy cost of cardiac contraction, as measured by heat produced by the myocardium or by the oxygen consumption of the heart, is approximately a linear function of FTI, force,4)-6),10),11) or PVA.9),12),14),24) The model predicted that the Um-PVA relation is approximately linear for large PVA values, but is clearly concave towards the PVA axis for very small PVA values in the shortening contraction mode with different Led values and in the isometric contraction mode (Figs.6A and 6B) . Although the VO2-FLA and VO2-PVA relations appear to demonstrate such a nature in a few experiments (Fig.3A (Figs.5A and 5B). However, Gibbs et al11),20),27) have reported that a quadratic regression is more suitable than a linear regression for approximating the actual data of the heat-stress relation.
Indeed, their data showed the heat-stress relation to be nonlinear, particularly at low stress levels. Thus, at short muscle lengths, there were clear disagreements between the model predictions and the available experimental results relating to both the VO2-PVA relation of the heart and the heat-stress relation of the myocardium.
In the present model, the "eA/f/Ka" value (the proportionality constant of equations 11, 14, and 17) was assumed to be unchanged over the entire range of muscle lengths.
However, if the "eA/f/Ka" value is variable and if its value increases significantly, particularly in short myocardial lengths, the relationships between Um and Fp and between Um and PVA during isometric contraction may be reconstructed as shown in Figs.9A and 9B . The Um-Fp relation then appears to be quadratic rather than linear, and the Um-PVA relation becomes more linear. These new curves for the Um-Fp and Um-PVA relations correspond well with the Fig.9 .
Effects of increases in the "eA/f/Ka" value on the Um-Fp and Um-PVA relations. If the "eA/f/Ka" value is not constant and if it increases at short muscle lengths, the Um-Fp and Um-PVA relations may be drawn as shown in panels A and B, respectively. Solid lines demonstrate the Um-Fp and Um-PVA relations with a constant value for the "eA/f/Ka". Broken lines represent the effect of increasing the "eA/f/Ka" value at short muscle lengths. actual experimental data.
Suga et al24) have reported almost equal VO2 values for isovolumic and shortening modes with the same PVA, whereas the model predicted dramatic changes in the amount of energy expenditure (Fig.6D) .
These differences between the model predictions and the experimental data may have resulted from at least five mechanical and/or biochemical factors: First, the model uses a constant force development per cross-bridge, a constant energy consumption rate per cross-bridge, and a constant cross-bridge activation rate (independent of changes of the "eA/f/ Ka" value with variations in myocardial length).
Second, oversimplification of the activation mechanism of the cross-bridges may have contributed to the differences. Third, the cylindrical geometry for the left ventricle, in which the meridional force of a cylinder is ignored and the estimation of ventricular volume is inaccurate, may have contributed to these discrepancies.
Fourth, the use of the Laplace derivation rather than the thick-shell theory for an approximation of the Fp value. Finally, underestimation of the total mechanical energy cost of cardiac contraction, which subsumes the energy cost during diastole, since the scope of the present study was only the mechanical energy cost during systole.
Fenn effect of myocardium: The Fenn effect was described originally for skeletal muscle, as a greater energy utilization during afterloaded isotonic contraction than during an isometric contraction.28),29) This effect has not been demonstrated in cardiac muscle.30) In cardiac muscle, isometric contraction consumes greater energy than shortening contractions from the same initial myocardial length (Led),30)-32) and the energy expenditure is only greater during isotonic than isometric contraction under the same external load (Fp).32) The present model is clearly reconciled with this cardiac version of the Fenn effect. The model predicted that an isometric contraction would consume more energy than a shortening contraction at the same Led (Fig.3 ) and less energy than a shortening contraction with the same Fp (Fig.8) .
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Stoichiometry of heat-force and VO2-PVA relation slopes: If cardiac hypothermia or catecholamine infusion alter the values of both eA/f and Ka by the same magnitude, the model predicts that the slopes of both the heat-force and VO2-PVA relations are invariant (Fig.7 and Table II ). In fact, general constancy of the slopes of these relations has been observed experimentally during cardiac hypothermia10),13),14) and catecholamine infusion.10)-12) Conversely, if the magnitude of change in eA/f is different from the change in Ka in certain pathological conditions (such as hypothyroidism), equations 11 and 14 predict alterations in the slopes of both the heat-force and VO2-PVA relations. In hypothyroid rat myocardium, the actual reduction of eA/f was shown to be 44%, while Ka dropped by 30% (Table II) .17) In this situation, the model predicted that the force-dependent heat versus force relation slope would decrease by 20% from its initial value, i.e., eA/f/Ka=(1-0.44)/(1-0.3)=0.80.
The actual experimental reduction has been reported to be 26%,17) which is similar to the predicted value.
The formula for the Um-PVA relation slope predicts that changes in slope are determined by four factors: eA/f, 1/Ka, H(i), and Ec1/2. In the shortening mode, Ec and H(i) change in opposite directions; increases in Ec may lead to decreases in the i value (Fig.2) , which produce decreases in the H(i) value. The reverse is also the case. Thus, in the shortening mode during catecholamine infusion or cardiac hypothermia, changes in eA/f may neutralize changes in 1/Ka and changes in Ec1/2 may neutralize changes in H(i). The slope of the Um-PVA relation would thus eventually appear to be constant after these interventions. This prediction appears to be corroborated by the interesting (and little understood) experimental finding of a constant slope of the VO2-PVA relation during catecholamine infusion12) and cardiac hypothermia.14) Thus, stoichiometry of the slopes of the heatforce and VO2-PVA relations could primarily result from equivalent changes in eA/f and Ka during hypothermia or catecholamine infusion.
The Um-FTI relation was predicted to be independent of Ka and related only to eA/f. This characteristic appears to be in agreement with the experimental findings that the slope of the heat-FTI relation is very susceptible to cardiac hypothermia,10),15) catecholamine infusion,10) and hypothyroidism17) (Table II) . In hypothyroidism, the slope of the heat-FTI relation (eA/f) for the rat myocardium was predicted to decrease by 44% from its initial value, a prediction which corresponds well with the actual data (40% , Table II) .
Linkage among biochemistry, dynamics, and energetics of cardiac contraction:
The addition of Ca2+ to papillary muscle preparations33) produced an increase in Ec in the absence of a change in Ka. However, an increase in Ec and a decrease in Ka have been observed during hypothermia.14), 21) Fp was described as follows:
Thus, using Eqs.C4 and C5, PVA was rewritten as,
The formula for describing the force-length area (FLA) was determined to be:
(C7)
Fp was described as follows:
Thus, using Eqs.C7, C8, and C9, the FLA was expressed as:
The isotonic contraction. 
